Conventional technologies for soil moisture content (θ) determination including time domain reflectometry (TDR) are invasive, time consuming, and provide local information only. Spatial geo-referenced mapping of θ can provide rapid information over large areas to facilitate decision making related to irrigation scheduling (Terry et al. 2018) . A number of studies have been conducted to evaluate the relationships between electromagnetic inductions readings (EC a calculated from HCP (horizonal coplanar geometry) and PRP (perpendicular/vertical coplanar geometry)) and soil properties for vineyards (Rodríguez-Pérez et al. 2011) , soybean and corn (Singh et al. 2016) , wild blueberries (Farooque et al. 2012 ) and in other scenarios (Kachanoski et al. 1988 ). However, very limited research has been conducted to assess the prediction accuracy of the DualEM-II sensor to estimate θ in root zone depth for potato production in Atlantic Canada. The use of electromagnetic techniques as a research tool (Huang et al. 2017 ) to measure and monitor θ and for the purpose of precision irrigation (Sadler et al. 2005) has numerous advantages over the previously used techniques including neutron (Kodikara et al. 2013) , capacitance-probes (Fares and Alva 2000) , time-domain reflectometry (Wraith et al. 2005 ) and wireless soil moisture sensor networks (Bogena et al. 2010 , Martini et al. 2015 .
The above mentioned use of technology in measurement of θ, uneven precipitation patterns in Atlantic Canada as a result of climate change, and an increasing public demand for sustainable agriculture practices in PEI and NB emphasize the need to manage water in agricultural fields in an optimal way that considers variations in soil, θ, and the crop properties. Therefore, the objective of this study was to evaluate the performance of DualEM-II sensor in nondestructive way of θ prediction and for predicting θ variations within potato fields in Atlantic Canada, since the commonly practiced gravimetric method for estimating θ is laborious, time-consuming, and destructive for use in field-scale.
MATERIAL AND METHODS
Site selection and sampling strategy. Four potato fields in Atlantic Canada were selected to collect DualEM-II sensor (DUALEM Inc., Milton, Canada) (Orthic Humo-Ferric Podzol) and were under conventional management practices for potato production over the past 9-10 years. Major soil and land properties of these fields are given in Table 1 . The field layout and geographic location of the selected sites are presented in Figure 1 . A grid pattern of sampling (25 × 25 m; n = 40) was established at each experimental site to collect DualEM-II and TDR data.
In DualEM-II sensor, two coil array geometries, HCP and PRP, are integrated, which use a common transmitter coil oriented with a vertical dipole. The HCP array has a horizontal dipole receiver coil and the PRP array has a vertical dipole receiver coil. The two array geometries used in DualEM-II sensor differ in their penetration depths. The response attained from HCP and PRP are cumulative responses based on approximations of Wait's (1962) equations. Low induction numbers are valid for low conductivity values as present in potato fields (McNeill 1980 , Callegary et al. 2007 ). HCP and PRP readings were obtained using the DualEM-II manually by placing the instrument on the ground parallel to the rows and by ensuring to avoid any metallic objects. Five HCP and PRP 
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Plant, Soil and Environment, 65, 2019 (6): 290-297 Original Paper readings were obtained at each location by manually moving the DualEM-II to random positions within a 2 m radius of each location. Technical description and specifications of DualEM-II used in this study of DualEM-II sensor include (i) operating frequency = 9 kHz; (ii) power supply of 3 W from 12 (± 3) V DC through AC-micro connector; (iii) instrument diameter = 0.089 m; (iv) instrument length = 2.41 m; (v) instrument weight = 8 kg, and (vi) conductivity range up to 3000 mS/m. The HCP and PRP readings were recorded using the DualEM-II instrument at each sampling location shown in Figure 1 . Since, the DualEM-II sensor measures the conductivity of soil for 3 m deep soil layer, this response was approximated for 15 cm depth using the equation provided by the manufacturer (DualEM Inc., Milton, Canada). The purpose of this conversion was to match the θ values recorded from TDR probes with the predicted θ using DualEM-II sensor.
The ground conductivity surveys were conducted in each field to establish an appropriate grid size to facilitate θ and geo-referenced electromagnetic induction sampling. The geo-statistical analysis of the DualEM-II sensor data were plotted as semi-variograms. Various models of semivariogram (Gaussian, exponential, linear, and spherical) were used to best fit the collected data. The highest coefficients of determination (R 2 ) and minimum residual sum of squares (RSS) were the criteria to select the best-fitted model. Kerry and Oliver (2003) suggested that one third or half of the range of influence from semivariogram could be used to establish a grid pattern sampling. Based on the range of variability, a grid size was selected at each monitoring site. The coordinates for each sampling point and field boundary in each field were recorded using a real-time kinematics global positioning (RTK-GPS) system.
Readings of θ were recorded in each grid within selected fields to ensure precise measurement of θ using a pre-calibrated FieldScout TDR-300 sensor (R 2 = 0.98; (root mean square error) 0.6%) to record five replicates of θ at 15 cm below the soil surface within the radius of 1 m of each grid point in each field. The TDR probe was inserted on the top of ridges during samplings 1 and 2 when tubers were not established and in the side of the ridges to avoid hitting tubers 
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Original Paper Plant, Soil and Environment, 65, 2019 (6): 290-297 during Samplings 3 and 4. The collected data were used to develop calibrations and validations. The location of sampling points was recorded using an RTK-GPS (Gatineau, Canada) for geo-referencing purposes. The θ, HCP and PRP readings were collected four times over the growing season of 2017 (sampling 1 was during the potato plantation in middle of May; sampling 2 was conducted during middle of July (at the stage of 60 days after plantation); sampling 3 was taken up during the early August (at the stage of 80 days after plantation); and sampling 4 was in late August (at the stage of 100 days after plantation) at each sampling location. The period from May through August in Atlantic Canada is generally mild summer. The same was true during this study year. The data were collected in cloud-free days during 10:00 am and 2:00 pm when the days were bright and clear in all study sites with no hill shades on the fields.
Statistical analysis. Statistical analysis of collected data was performed using Minitab 17 (Minitab Inc., State College, USA) statistical software. Summary statistics were made to determine standard deviation (SC) and coefficient of variation (CV) for the measured values of HCP, PRP, and θ. Regression analysis was performed to develop calibrations for predicting θ from DualEM-II sensor data. Linear and quadratic models of regression were evaluated to find the best fitted model to predict θ. The performance of these models was verified through the coefficient of correlation (r), coefficient of determination (R 2 ) and root mean square error. The actual and predicted θ were regressed to evaluate the prediction potential of the DualEM-II sensor.
RESULTS AND DISCUSSION
Relationship between soil moisture content and co-planar values. Results of the correlation matrix revealed that the HCP and PRP were significantly correlated with θ (Table 2) . Generally, the HCP was found to be correlated better with θ than PRP for selected sites. Nonetheless a pattern of correlation was similar for all four sampling, a better correlation between PRP and θ (r: 0.64-0.83) was calculated than between HCP and θ (r: 0.41-0.79).
Lower θ were observed during these sampling periods when compared with earlier samplings (Table 3) . Field 3 was found to have a consistently higher correlation for all four sampling events. Mean θ in this field was slightly lower when compared to other fields (Table 3) , likely due to different soil texture, structure, 
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Plant, Soil and Environment, 65, 2019 (6): 290-297 Original Paper and organic matter levels. The coefficient of variation (CV) revealed that the HCP, PRP, and θ were moderate to highly variable within selected fields (Table 3) . Summary statistics reported higher θ values for samplings 1 and 2 when compared with 3 and 4 for monitoring sites (Table 3 ). Higher θ in samplings 1 and 3 were supported by the precipitation data, indicating lower rainfall in the later months of July and August.
Other researchers have evaluated the relationships between electromagnetic induction readings and θ for different crops, and reported varying results (Sudduth et al. 2005 , Rodríguez-Pérez et al. 2011 , Farooque et al. 2012 . They also showed prediction fluctuations within selected fields for different crops. Farooque et al. (2012) found a positive relationship between HCP/ PRP and volumetric θ in soil at the root zone of wild blueberry crops. Rodríguez-Pérez et al. (2011) evaluated the relationship between sensor based ground conductivity and volumetric θ showing fluctuating r at different sampling depths. Sudduth et al. (2005) reported that the relationship between EC a and θ was variable between different states in the USA. Some of the states showed significant correlations, while others showed non-significant correlations, which might be due to different soil types and climatic variations within the states of USA. Overall, HCP was significantly correlated with θ within selected fields, indicating significant prediction potential using DualEM-II sensors in a non-destructive and rapid fashion.
Linear regression models between θ and HCP were computed for each field and the best-fitted models are presented in Figure 3 . Results showed significant correlations between HCP and θ with R 2 ranging from 0.60 to 0.69 (Figure 3) . These results agree with the correlation coefficients ( Table 2 ). The range of R 2 between HCP and θ coincided with the findings of other studies (Sudduth et al. 2005 , Rodríguez-Pérez et al. 2011 . Sudduth et al. (2005) considered R 2 < 0.40 of low accuracy and R 2 ≥ 0.55 of reasonable accuracy. Regression between θ and HCP were of reasonable accuracy for samplings 1 and 4 in Field 1, samplings 2, 3, and 4 in Field 2, all samplings in Field 3, and samplings 2 and 3 in Field 4 (Figure 3) . Results of the correlation matrix and regression analysis showed that the HCP provided better predictions than PRP, which might be due to a greater sensing depth of HCP. Schumann and Zaman (2003) suggested that the greater sensing of the HCP component (3 m) was the reason for better correlations with HCP. Results were different between sampling times and locations may be due to differences in environmental conditions (Rodríguez- 
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Original Paper Plant, Soil and Environment, 65, 2019 (6): 290-297 Pérez et al. 2011 ) between the two provinces due to geographical locations of New Brunswick, which is surrounded with mainland Canada on its northern and western sides and the Prince Edward Island is surrounded by Atlantic Ocean. Some studies found that soil temperature influences EC a measurements (Sudduth et al. 2005 , Robinson et al. 2004 , McKenzie and Woods 2006 . However, Sudduth et al. (2005) showed that the temperature effect did not cause significant difference in EC a regression results. Collectively, regression analysis in conjunction with correlation matrix revealed significant relationships between HCP and θ, indicating great potential for a DualEM-II sensor to sense variations in θ to facilitate irrigation scheduling for site-specific irrigation within potato fields in Atlantic Canada. Cross validation of regression equations across the fields. In order to further strengthen and assess the prediction accuracy of θ using a DualEM-II sensor, cross validations were performed. Results of regression plots between actual and predicted θ showed significant correlations with R 2 ranging from 0.60 to 0.69 within selected fields (Table 4) . The RMSE ranged from 2.45% to 4.02%, suggesting significant prediction accuracy of the DualEM-II sensor. Results showed over-and-under prediction for θ within selected fields, which might be due to variations in precipitation, uncontrolled drainage, soil temperature, management practices, and other environmental conditions. The EC a measurements are affected by the variation in θ under too wet or too dry conditions (Kitchen et al. 1999) . In this study, θ varied between too wet and too dry during the growing season (Figure 2 ). This likely caused variations in sensor responses, resulting in over-and-under predictions of θ within the potato fields. Rhoades et al. (1989) reported that electromagnetics induction measurements are influenced by soil moisture and Kachanoski et al. (1988) suggested that θ might be the main factor affecting electromagnetics induction measurements. They also reported that the relationship between electromagnetics induction and θ can be affected by time and location. These conclusions support the findings of this study, since these experiments were conducted in different geographic locations. Sensing θ under appropriate conditions (not too dry or wet) can improve prediction accuracy. Significant R 2 in conjunction with lower RMSE suggested that the DualEM-II sensor can be used to estimate and map variations in θ to facilitate sitespecific irrigation within potato fields. Additionally, the sensed information can be used to design an optimal drainage system.
In conclusion, the performance of DualEM-II sensor, as a non-destructive technique to measure and predict θ was evaluated under Atlantic Canadian agricultural and environmental conditions. Four potato fields were selected for experimentation; two in New Brunswick and two in Prince Edward Island. The DualEM-II sensor-measured conductivities of horizontal as well as vertical coplanar geometries had a significant correlation with TDR-measured θ (r: 0.41-0.83). These models were used to predict θ that closely related with the values of θ measured using TDR (R 2 : 0.60-0.69; RMSE: 2.32-4.02) confirm- 
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Plant, Soil and Environment, 65, 2019 (6): 290-297 Original Paper https://doi.org/10.17221/72/2019-PSE ing the reliability of the electromagnetic induction technique to measure θ. This technique may be helpful in precision farming of potatoes in agricultural fields with highly variable θ and land characteristics (elevation and slope). The tested technique is advantageous over the conventional gravimetric methods of estimating θ that are laborious, time-consuming, and destructive to agricultural fields. 
